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Combined laboratory experiment and numerical simulation are conducted on bubble clouds nucle-

ated on the surface of a model kidney stone to quantify the energy shielding of the stone caused by

cavitation during burst wave lithotripsy (BWL). In the experiment, the bubble clouds are visualized

and bubble-scattered acoustics are measured. In the simulation, a compressible, multi-component

flow solver is used to capture complex interactions among cavitation bubbles, the stone, and the

burst wave. Quantitative agreement is confirmed between results of the experiment and the simula-

tion. In the simulation, a significant shielding of incident wave energy by the bubble clouds is quan-

tified. The magnitude of shielding can reach up to 90% of the energy of the incoming burst wave

that otherwise would be transmitted into the stone, suggesting a potential loss of efficacy of stone

comminution. There is a strong correlation between the magnitude of the energy shielding and the

amplitude of the bubble-scattered acoustics, independent of the initial size and the void fraction of

the bubble cloud within a range addressed in the simulation. This correlation could provide for real-

time monitoring of cavitation activity in BWL. VC 2018 Acoustical Society of America.
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I. INTRODUCTION

Cavitation bubble clouds nucleated in the human body

during the passage of tensile components of acoustic waves

are of critical importance for the safety and efficacy of the

treatment of lithotripsy (Coleman et al., 1987; Ikeda et al.,
2006; Lingeman et al., 2009; Miller et al., 2012;

Pishchalnikov et al., 2003; Stride and Coussios, 2010;

Tanguay, 2004). Shock wave lithotripsy (SWL) uses a shock

waveform of pulses with a peak amplitude of O(10–100)

MPa. The strong tensile tail results in the formation of a

large bubble cluster that can violently collapse to cause tis-

sue injury and enhance stone comminution, the former of

which has been seen as a major limitation of SWL (Bailey

et al., 2006; Evan et al., 2002; McAteer et al., 2005). Burst

wave lithotripsy (BWL) is an alternative to SWL and uses

high-intensity, focused ultrasound in the form of O(10)

cycles at an amplitude of O(1–10) MPa and a frequency of

O(100) kHz for stone comminution (Maxwell et al., 2015;

Thoma, 2014). Due to the low peak amplitude of the wave,

resulting cloud cavitation in BWL is expected to involve

smaller bubbles and consequently less violent bubble

dynamics. A recent experimental study in vitro has shown

that cavitation bubble clouds with a size of O(1) mm are

formed during a passage of the burst wave (Maeda et al.,
2015). A subsequent study has shown that the bubble clouds

can scatter a large portion of incident wave and reduce the

wave energy further downstream (Maeda and Colonius,

2018a). Therefore, it has been hypothesized that the bubble

clouds in BWL may cause energy shielding of nearby kidney

stones. The energy shielding could lower the efficacy of

stone comminution, and thus it is desirable to characterize

the process as a function of the incident wave and expected

size and number of bubble nuclei.

To investigate this phenomenon, we study bubble clouds

nucleated on the surface of an epoxy stone model during the

passage of a burst wave by a medical transducer in water

through combined experimental measurements in vitro and

companion numerical simulations. In the experiment, we

visualize the evolution of bubble clouds using a high-speed

camera and measure the backscattered acoustics from the

bubbles with the transducer array elements. In the simula-

tion, we combine numerical methods for modeling com-

pressible, multi-component flows to capture complex

interactions among bubbles, the stone, and the burst wave.

Simulated evolution of the bubble cloud and the bubble scat-

tered acoustics quantitatively agree with the results of the

experiment. In the simulation, we vary the initial void frac-

tion and the size of bubble cloud to assess the magnitude of

the shielding as well as its correlation with the bubble-

scattered acoustics. Results indicate that the magnitude of

the shielding reaches up to 90% of the energy of the incident

burst wave that otherwise transmits into the stone. We
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further discover a strong correlation between the magnitude

of the shielding and the amplitude of the backscattered

acoustics, independent of the initial condition of the cloud.

These results can be used to further identify appropriate

parameters and improve the efficacy of stone comminution

in BWL.

II. EXPERIMENTAL SETUP

Figure 1(a) shows a schematic of the experimental

setup. We generate pulses of ten cycles of a sinusoidal pres-

sure wave with a frequency of 340 kHz and a peak maximum

focal pressure of 7.0 MPa from a multi-element array

focused transducer with an aperture of 180 mm and focal

length of 150 mm [Fig. 1(b)] toward a cylindrical shape of

epoxy stone model with its axis aligned on the acoustic axis

of the transducer. The transducer is composed of 18 circular

elements made from a ring-shaped piezo-ceramic plate with

an outer diameter of 38.1 mm and inner diameter of

12.7 mm. Each of the elements is designed to generate a

spherical wave front that propagates inward to the center

corresponding to the focal point. Further details of the trans-

ducer are available elsewhere (Maeda and Colonius, 2017).

The pulse repetition frequency (PRF) is 100 Hz. The focal

point of the transducer is located at the center of the stone.

The height and diameter of the stone are 10 and 6.25 mm,

respectively. The water is degassed to approximately 65%

O2 saturation to model the environment of the collecting

space of kidney in vivo (Chaigneau and Le, 1968; Hwang

et al., 1998). This condition contrasts with that used in the

initial demonstration of BWL in vitro in that water was

highly degassed to suppress cavitation (Maxwell et al.,
2015). Preliminary experiments identified that a thin layer of

bubble cloud is formed on the proximal base of the stone,

where the pressure is locally amplified due to reinforcement

of the incoming burst wave by the wave reflected by the

stone. A high-speed camera is triggered to capture an image

of bubble cloud at a specific time during the passage of each

pulse. We concurrently sample the backscattered acoustics

from the bubble cloud and the stone by using the transducer

array elements between the matching network and the

transducer.

III. SIMULATION SETUP

A. Numerical methods

In simulations, we formulate the dynamics of the multi-

component mixture using the compressible, multi-

component, Navier-Stokes equation. We model the stone as

an isotropic, elastic solid with a bulk modulus of

K¼ 7.14 GPa and a density of qs¼ 1200 kgm�3. The values

of the modulus and the density are chosen as those of the

epoxy resin used for the experimental stone model. The

shear modulus is set to zero. The longitudinal sound speed isffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðK=qsÞ

p
¼ 2440 ms�1. We neglect the viscosity of the

stone; the acoustic attenuation in the epoxy resin is smaller

than 1 dB/cm and negligible for results considered in the pre-

sent study. This modeling is equivalent to assume that the

stone is an inviscid, compressible fluid with the same values

of the modulus and the density. The coupled dynamics of the

stone and the surrounding water are modeled using an inter-

face capturing method (Coralic and Colonius, 2014;

Perigaud and Saurel, 2005). The interface of the stone is

modeled as a sharp, but continuous region of mixture of

water and the stone. The acoustic impedance mismatch at

the interface is accurately modeled for pressure waves with a

wavelength larger than the grid resolution. The bubbles are

assumed to be spherical and fully immersed in water with a

certain distance from the stone (bubble are not attached on

the stone). For modeling the dynamics of the bubble cloud

excited in an ultrasound field, we use an Eulerian-

Lagrangian method. The method is derived and validated in

detail in Maeda and Colonius (2018b), and applied to para-

metric simulation of the dynamics of spherical bubble clouds

excited by burst waves (Maeda and Colonius, 2018a). We

provide a brief summary of the method here. In the method, we

describe the dynamics of bubbly mixture using volume-

averaged equations of motion (Biesheuvel and vanWijngaarden,

1984; Commander and Prosperetti, 1989; Fuster and Colonius,

2011; Kameda and Matsumoto, 1996)

@�q
@t
þr quð Þ ¼ 0; (1)

@ quð Þ
@t
þr qu � �u þ pI � Tð Þ ¼ 0; (2)

FIG. 1. (Color online) (a) Schematic of the experimental setup. (b) Multi-element array medical transducer (same as that modeled in Sec. II).
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@ �E

@t
þr �E þ p

� �
�u � T � �u

� �
¼ 0; (3)

where q is the density, u ¼ ðu; v;wÞT is the velocity, p is the

pressure and E is the total energy. ð�Þ denotes the volume

averaging operator that acts on arbitrary field variables (�):
ð�Þ ¼ ð1� bÞð�Þl þ bð�Þg, where b 2 [0,1) is the volume frac-

tion of gas (void fraction), and subscripts l and g denote the

liquid and gas phase, respectively. T is the effective viscous

stress tensor of the mixture, which we approximate as that of

the liquid phase: T � T l. We invoke two approximations

valid at the limit of low void fraction: the density of the mix-

ture is approximated by that of the liquid: �q � ð1� bÞql; the

slip velocity between the two phases is zero: �u � ul ¼ ug.

Equations (1)–(3) can then be rewritten as conservation

equations in terms of the mass, momentum, and energy of

the liquid with source terms as an inhomogeneous hyper-

bolic system

@ql

@t
þr � f qlð Þ ¼ g ql; b; _b

� �
; (4)

where

ql ¼ ql; qlul;El½ �T ; (5)

f ¼ qlul; qlul � ul þ pI � T l; ðEl þ pÞul � T l � ul½ �T ;
(6)

and

g ¼ 1

1� b
db
dt

ql �
b

1� b
r f � ulqlð Þ: (7)

For a thermodynamic closure for the liquid, we employ a

stiffened gas equation of state

p ¼ ðc� 1Þqe� cp1; (8)

where e is the internal energy of liquid, c is the specific heat

ratio, and p1 is the stiffness. In the present study we use

c¼ 7.1 and p1¼ 3.06� 108 Pa for water.

To model the gas phase, we employ a Lagrangian point-

bubble approach in that the gas is treated as spherical, radi-

ally oscillating cavities consisting of a non-condensible gas

and liquid vapor. The center of nth bubble (n 2 Z : n
2 ½1;N�), with a radius of Rn and a radial velocity of _Rn, is ini-

tially defined at the coordinate xn and tracked as Lagrangian

points during simulations. To define the continuous field of the

void fraction in the mixture at coordinate x, we smear the vol-

ume of bubble using a regularization kernel d

bðxÞ ¼
XN

n¼1

VnðRnÞdðdnÞ; (9)

where Vn is the volume of bubble n, Vn ¼ 4p=3R3
n, and dn is

the distance of the coordinate x from the center of the

bubble, dn ¼ jx� xnj. For numerical representation, we dis-

cretize Eq. (4) on an axisymmetric grid and spatially inte-

grate using a fifth-order finite volume WENO scheme

(Coralic and Colonius, 2014). A fourth/fifth-order Runge-

Kutta-Cash-Karp (RKCK) algorithm (Cash and Karp, 1990)

is employed for time integration of solutions.

To model the dynamics of volumetric oscillations of

bubbles, we employ the Keller–Miksis equation (Keller and

Miksis, 1980)

Rn 1�
_Rn

c

� �� �
€Rn þ

3

2
_R

2
1�

_Rn

3c

� �

¼ pn � p1
q

1þ
_Rn

c

� �
þ Rn _pn

qc
; (10)

pn ¼ pBn �
4ll

_Rn

Rn
� 2r

Rn
; (11)

where pn is the pressure at the bubble wall, pBn is the pres-

sure inside the bubble, r is the surface tension, and p1 is the

component of the pressure that forces the radial oscillations

of the bubble. We use a reduced-order model to account for

heat and mass transfer across the bubble–liquid interface

(Preston et al., 2007). In principle, various similar reduced

order models for heat and mass transfer can be instead used

(Bergamasco and Fuster, 2017; Okita et al., 2013), while the

choice of the model would not largely affect the results

obtained in this study.

The grid size is uniform with a radial and axial width of

100 lm in the stone-wave interaction region. We randomly

distribute spherical bubble nuclei with a radius of 10 lm in

the cylindrical region with the thickness h and the void frac-

tion b0, which faces the proximal base of the stone at the ini-

tial condition, then track the radial evolution of the bubbles

at the sub-grid scale and resolve the bubble-scattered acous-

tics on the grid. The parameters are chosen as discussed

below.

B. Modeling parameters

We model the transducer arrays used in the experiment

as a portion of a spherical surface with an aperture of 60 mm

and a radius of 50 mm with its center located at the origin. In

order to generate focused ultrasound waves from the source

surface, we utilize a source-term approach (Maeda and

Colonius, 2017). The method can generate unidirectional

acoustic waves from a surface of arbitrary geometry, in this

case the spherical source surface, by forcing Eq. (4) on the

surface in a simulation domain.

For accurate simulation of the bubble dynamics, we cal-

ibrate the acoustic source model using experimental mea-

surements. With the input of Nc cycles of a sinusoidal

voltage, the output of the transducer is modeled by the fol-

lowing formula:

ptrans ¼ pa cos 2pftð Þ

� 1� e�t=suð Þ� 1� e� t�Nc=fð Þ=sdð ÞH t� Nc

f

� �� �
;

(12)

where su and sd are the ring-up and ring-down times, respec-

tively. In the simulations of focused waves, we excite this
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expression of the pressure at the source plane, with su¼ 1.5

and sd¼ 2.5 ls.

In Fig. 2 we compare the evolution of the focal pressure

during the passage of the burst wave obtained from the

experiment and a simulation without the stone. The head of

the wave arrives at the focal point at t¼ 0. The simulated

waveform and the peak pressure agree well with those of the

measurement, except for the period of small oscillations due

to ring down after t¼ 30 ls. In both the experiment and sim-

ulation, the peak negative pressure is �5.5 MPa. The dis-

crepancy between the amplitudes of the peak positive

(7.0 MPa) and the peak negative pressures is due to nonlinear

distortion of the burst wave. In simulation, we capture the

evolution of the bubbles and sample the backscattered acous-

tics at coordinates on the acoustic source surface with polar

angles corresponding to the center of the transducer array

elements used in the experiment.

In the experiment, we do not precisely know the popula-

tion, size distribution, and location of bubbles a priori.
Therefore, we conduct parametric simulations by varying the

thickness and the initial void fraction of the cylindrical bubble

cloud within ranges of h 2 [0.25,1.0] mm and b0 2 [1.0,

8.0]� 10�5, respectively. For reference, we also simulate a

case without bubble cloud. The bubbles are initially monodis-

perse with radii of R0¼ 10 lm. For each combination of the

thickness and the void fraction of the bubbly layer, we simu-

late a single realization of the monodisperse bubbles. The

ranges of the parameters were chosen based on the experimen-

tal observation and the results of the previous studies of the

dynamics of a spherical bubble cloud (Maeda, 2018; Maeda

and Colonius, 2018a). In the studies, we used the same numeri-

cal method to simulate the dynamics of an isolated, spherical

bubble cloud that are nucleated during the passage of a burst

wave with an amplitude of O(10) MPa and a frequency of 335

kHz in water with various values of initial nuclei population

and polydispersity. Through the study, we identified that bub-

ble clouds with an initial mean diameter of 10 lm can model

the dynamics of bubble clouds observed in companion experi-

ments well, regardless of the initial polydispersity. For this rea-

son, we have chosen monodisperse bubble clouds with an

initial mean radius of 10 lm in the present study.

IV. RESULTS AND DISCUSSION

A. Bubble dynamics

Figure 3 shows pressure contours at different instants in

time during the simulation with h¼ 0.75 mm and b0¼ 1.0

� 10�5. A burst wave is generated and focused toward the

FIG. 2. (Color online) Evolution of the focal pressure obtained in the experi-

ment and the simulation without stone.

FIG. 3. (Color online) Snapshots of the pressure contour on the axial-plane during the simulation with h¼ 1.0 mm and b0¼ 1.0� 10�5 at (a) t¼�14.7, (b)

4.5, (c) 23.7, and (d) 42.9 ls. The stone and the void fraction of bubbles are indicated with the black line and by the white shading, respectively. In each image,

the inset shows a zoom-in-view of the stone and the bubble cloud.
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stone [Fig. 3(a)]. A bubble cloud is excited during the pas-

sage of the wave [Fig. 3(b)]. A portion of the wave is scat-

tered back from the bubbles and the stone, and the rest of the

wave transmits through or around the stone and is scattered

forward [Fig. 3(c)]. After the passage of the incident wave,

weak reverberation of the pressure wave is observed in the

stone [Fig. 3(d)]. Strong collapse of the bubble cloud is not

observed. Figure 4 shows representative images of a bubble

cloud obtained from the high-speed imaging and the same

simulation at t¼ 35 ls. A layer of dispersed bubbles is pre-

sent on the proximal base of the stone in both images.

In Fig. 5 we compare the evolution of the area occupied

by the bubbles projected on a two-dimensional (2D) plane, A
mm2, obtained in the experimental visualization and the sim-

ulation with h¼ 0.75 mm and b0¼ 1.0� 10�5. In the experi-

ment, we converted each image into a binary image by using

a post-processing algorithm (Otsu method; Otsu, 1979), and

then we count pixels that are occupied by bubbles to com-

pute the area. In the simulation, we output side-view images

from the view angle of the high-speed camera [Fig. 4(b)].

We define a 2D Cartesian grid with the same spatial resolu-

tion as the high-speed image, and then map the bubbles onto

the grid (if a bubble overlaps with a certain cell, we regard

the cell as being occupied by the bubble). We then binarize

the image in the same way as we did to the experimental

image. By doing so, the uncertainties are matched between

the experimental image and the snapshots obtained from the

simulation. Each data point of the measurement is obtained

by averaging 440 independent realizations of the bubble

clouds. The uncertainty in the experimental results can be

explained by the stochastic nature of cavitation inception;

the location and the number of nuclei on the surface of the

stone can fluctuate in excitation by distinct pulses.

Nevertheless, we observed statistically consistent behaviors

in the bubble clouds over multiple pulses. The result shows

that the cloud experiences a transient growth of bubbles with

rapid oscillations during the passage of the wave, up to about

t¼ 30 ls, followed by a smooth decay. The measurement

cannot capture the oscillations, even though they may be

present in the experiments, as the sampling frequency is

lower than that of the oscillation, while the overall growth to

t¼ 30 ls and subsequent decay after the passage of the wave

agree well with the result of the simulation.

Figure 6 shows the projected area of bubbles at t¼ 35 ls

obtained in the simulation as a function of the initial thickness

of the bubbly layer. At all values of the initial void fraction,

the projected area increases with the thickness. For most

cases, the area also increases monotonically with void frac-

tion. At all h, initially dilute bubbly layers tend to grow by a

larger factor than dense layers. This can be explained by

mutual suppressions of the volumetric growth among bubbles

in a dense bubble cloud due to inter-bubble interactions

(Maeda and Colonius, 2018a; Wang and Brennen, 1999). The

data points are spread over the range of A 2 [0.5,2] mm.

To gain further insight into the bubble dynamics, we take

a detailed look at the instantaneous state of bubbles at

t¼ 35 ls, as a representative time of the maximal bubble cloud

in the experiment and the simulation. Figure 7 shows the prob-

ability distribution function (PDF) of the projected area of bub-

bles obtained from the experiment at t¼ 35 ls. The PDF

approximately follows a log-normal distribution. The range of

the projected area shown in Fig. 6 covers the wide band of the

experimental PDF shown in Fig. 7, within which 92% of the

distribution lies. This suggests that the parameters used in the

simulation represent the experiment well.

B. Scattered acoustics

In order to quantify the amplitude of the backscattered

acoustics, we compute a daylight imaging functional using

FIG. 4. Images of representative bubble clouds obtained at t¼ 35 ls from

(a) experiment and (b) simulation. The height and diameter of the stone are

10 and 6.25 mm, respectively.

FIG. 5. (Color online) Evolution of the projected area of bubble cloud.

Results of the experiment and simulation with h¼ 0.75 mm and

b0¼ 1.0� 10�5 are compared. The shaded region corresponds to the stan-

dard deviation of the experimental data points.

FIG. 6. (Color online) The projected area of bubbles at t¼ 35 ls as a func-

tion of the cloud thickness obtained in the simulation.
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cross correlations from both the experiment and simulations.

Given uðt; xiÞ, where i¼ 1,…,Nsensor, as a set of signals sam-

pled at coordinates xi over the time interval [0,T], the cross

correlation between signals uðt; xiÞ and uðt; xjÞ is defined as

CT s; xj; xlð Þ ¼
1

T

ðT

0

u t; xið Þu tþ s; xið Þ dt: (13)

Using the cross correlation, the following imaging functional

at position z can be defined as

IðzÞ ¼
XNsensors

j;l¼1

Csym
T ðsðz; xlÞ þ sðz; xjÞ; xj; xlÞ; (14)

where

Csym
T ðs; xj; xlÞ ¼ CTðs; xj; xlÞ þ CTð�s; xj; xlÞ: (15)

Csym
T is the symmetric component of the cross correlation.

Further details of the algorithms used to obtain the functional

can be found in Garnier and Papanicolaou (2009).

Figures 8(a) and 8(b) show normalized contours of the

tenth power of imaging functional obtained in a representative

case from the experiment and the simulation with h¼ 0.75 mm

and b0¼ 1.0� 10�5, respectively. Positions with a large value

of the imaging functional correspond to estimated locations of

the acoustic source. Note that we use the power to visually

enhance the contrast in the contours (gamma correction;

Poynton, 2012), while the estimated location of the source is

unchanged. In both plots, a region of a large value of the imag-

ing functional is localized within the stone.

Figure 9 shows correlations between the area occupied

by the bubbles and the scattering factor at t¼ 35 ls. The

scattering factor is defined as

F ¼ max I½ �
max I ref½ � ; (16)

where I ref is the reference value of imaging functional without

bubbles. Therefore, F quantifies the enhancement/decay of

the scattered acoustics due to the presence of bubbles. Weak

positive correlations are observed between the projected area

and the scattering factor in both the experiment and the sim-

ulation. The data points of the simulation show that the scat-

tering is enhanced with the increase in the initial void

fraction and the thickness of the bubble cloud. Most of the

data points obtained from the simulation lie in the interior of

the 92% confidence ellipse obtained from the experimental

data points, indicating a good agreement of the scattered

acoustics measured in the experiment and that obtained in

the simulation.

Notice that in both the experiment and simulation, some

data points are in the range of F< 1. This indicates that the

amplitude of the backscattering is smaller than that without

bubble clouds in these cases. This mitigation of the ampli-

tude can be explained by the widening of the scattering angle

by the bubble clouds. Without bubbles, the incoming wave

tends to get reflected perpendicular to the flat base of the

stone, and the scattered wave is most intense opposite the

direction of the incident wave. On the other hand, the bubbly

layer results in a more omnidirectional scattering. With

increasing the thickness and the density of the bubbly layer,

thus increaseing F, the intensity of the bubble-scattered

acoustics becomes enhanced and this realizes F> 1.

The good agreement between the experiment and the

simulation shown in this section and Sec. IV A suggest that

the simulation correctly captures the physics of cavitation

near the stone model, and thus can be used to predict quanti-

ties inaccessible in the experiment.

C. Energy shielding

In our previous computational study of the dynamics of

spherical bubble clouds excited by burst waves, it was shown

FIG. 7. Probability distribution function (PDF) of the projected area of bub-

bles obtained in the experiment at t¼ 35 ls. Solid line indicates a log-

normal fit to the data.

FIG. 8. (Color online) Normalized contour of the tenth power of imaging

functional near the focal region obtained from (a) a representative case in

the experiment and (b) the simulation with h¼ 0.75 mm and b0¼ 1.0

� 10�5. Stones are indicated by dotted lines. The length unit is mm.
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that the amplitude of the far-field acoustic waves scattered

by the cloud and the kinetic energy of liquid induced by the

bubble dynamics are strongly correlated (Maeda and

Colonius, 2018a). This motivates us in this study to assess

correlation between the kinetic energy of the stone excited

by the burst wave as a metric of the energy shielding and the

imaging functional as a metric of the amplitude of the far-

field, scattered acoustics. Direct measurement of the energy

in the stone is challenging in the experiment, and thus we

compute the quantity by processing the data obtained from

the simulation.

Figure 10 shows the evolution of the kinetic energy in

the stone, Kstone, induced by the burst wave during three dis-

tinct cases from the simulations conducted in this study:

without bubbles; with the thinnest, initially most dilute cloud

(h¼ 0.25 mm and b0¼ 1.0� 10�5); with the thickest, ini-

tially densest cloud (h¼ 1.0 mm and b0¼ 8.0� 10�5), where

Kstone is defined as the kinetic energy of the volume element

integrated over the stone

Kstone ¼
ð

stone

1

2
qu2 dv: (17)

In all the cases, the energy steadily grows after arrival of the

wave until around at t¼ 10 ls, then oscillates around an

average value during the passage of the wave until around

t¼ 30 ls. After the passage of the wave, the energy steadily

decays and reaches zero around t¼ 40 ls. The energy is

highest for all t when there are no bubbles. The energy level

is slightly decreased with the thin and dilute cloud, while it

is drastically reduced with the thick and dense cloud. This

result indicates that, as might be expected, the energy shield-

ing by bubbles is enhanced by increasing the thickness and/

or the void fraction of the cloud.

To quantify the correlation between the shielding and

the scattered acoustics, in Fig. 11 we plot the shielding factor

S as a function of the scattering factor F. The shielding factor

is defined as

S ¼ 1� P

Pref

; (18)

where P is the total work done by the acoustic energy to the

stone during each simulation: P ¼
Ð

Kstonedt. Pref is the refer-

ence value of P obtained in the case without bubbles. Note

that S¼ 0 and S¼ 1 indicate no shielding and perfect shield-

ing (no energy transmission into the stone), respectively.

Notably, the plot indicates a strong positive correlation

between the shielding factor and the scattering factor over

the global range of the data points, independent of the initial

condition of bubbles. The shielding factor grows with the

increase of the scattering factor and reaches S � 0.9 at F �
4. This indicates that the energetic state of the bubble cloud

becomes invariant to the initial void fraction and thickness

of the layer as they increase. The result indicates that up to

90% of the energy of the incident burst wave can be

absorbed/scattered by bubbles that would otherwise be trans-

mitted into the stone.

During the wave propagation, in the experiment, the

elastic potential energy and the kinetic energy are excited in

FIG. 9. (Color online) Correlation between the projected area of bubbles at

t¼ 35 ls and the scattering factor obtained in both the experiment and the

simulation. The black line draws 92% confidence ellipse for the experimen-

tal data points.

FIG. 10. (Color online) Evolution of the kinetic energy in the stone induced

by the burst wave.

FIG. 11. (Color online) Correlation between the shielding factor and the

scattering factor. Dashed line indicates S¼ 0.9.
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the stone. The potential energy is composed of the longitudi-

nal and transverse components. For the expression of the

potential energy, see, for instance, Landau and Lifshitz

(1986). In the present simulation, the transverse component

of potential energy is zero since shear stress is not modeled.

Nevertheless, the time-averaged kinetic energy in the stone

excited by the wave equals that of the total elastic potential

energy due to energy conservation, regardless of the magni-

tude of each component. Therefore, we assume that the

kinetic energy is an appropriate metric of the magnitude of

the wave energy transmitted into the stone. The present anal-

ysis may motivate future work to include modeling of shear

stress and the transverse component of the elastic energy as

well as their contributions to stone communition.

D. Implications for BWL

The results of the present study indicate that a thin bub-

bly layer localized on the surface of a stone can reduce trans-

mission of the large portion of incoming wave energy into

the stone. This energy shielding could potentially result in

loss of efficacy of stone comminution during BWL. This

agrees with the hypothesis made in the previous study on the

dynamics of isolated, spherical bubble clouds (Maeda and

Colonius, 2018a). Though the scattering and/or the shielding

effects of bubble clouds excited by shock- and high-intensity

focused ultrasound (HIFU) waves have been reported in

both numerical and experimental studies (Maxwell et al.,
2011; Pishchalnikov et al., 2006; Tanguay, 2004; Yura

et al., 2018), to our knowledge, quantification of the effects

based on direct comparisons of experiment and correspond-

ing computational fluid dynamics simulation has not been

previously made.

The monotonic correlation between the shielding factor

and the scattering factor (Fig. 11) suggests that the scattered

acoustics can be directly used to estimate the magnitude of

the shielding regardless of the bubble dynamics, at least

within the range of parameters of bubble clouds addressed in

the present study. The energy shielding, thus the activities of

cavitation bubbles, could be therefore monitored by ultra-

sound sensing outside the human body during the treatment

of BWL. Such monitoring may enable real-time feedback

control of the therapy to optimize the efficacy of stone com-

minution, for instance, by modulating the wave parameters,

including the waveform and the PRF to suppress cavitation

for mitigation of the shielding (Maeda, 2018).

E. Discussion on future strategies to treat cavitation in
BWL

In SWL, the long tensile tail can initiate intense cloud

cavitation in the focal area. Shortly after the passage of the

wave, violent cloud collapse may cause tissue injury (Bailey

et al., 2005; Evan et al., 2002; Matlaga et al., 2008).

Collapse in the proximity to the stone may also enhance

stone comminution (Pishchalnikov et al., 2003). During

growth, non-condensable gas diffuses into the bubbles,

which causes persistence of nuclei long after the passage of

the wave and proliferation of bubble clouds that may cause

undesirable energy shielding during the subsequent pulses

(Pishchalnikov et al., 2011; Tanguay, 2004). The BWL

waveform, on the other hand, lacks the trailing tensile com-

ponent, and this results in milder growth of cavitation bub-

bles compared to those in SWL (Maeda et al., 2015). Bubble

clouds are diffuse and do not tend to undergo violent col-

lapse (Maeda and Colonius, 2018a). Strong collapse can lead

to fragmentation of bubbles and thus proliferation of bub-

bles; the absence of it in BWL might enable higher PRF and

thus faster treatment than SWL. On the other hand, results of

the present study suggest that the more diffuse bubble clouds

in BWL still lead to a strong shielding of stones from subse-

quent pulses and it may be desirable to avoid them. Overall,

in BWL, suppressing cloud cavitation using feedback may

be an optimal path to achieve both improved safety (May

et al., 2017; Movahed et al., 2017) and high efficacy of stone

comminution.

In contrast to BWL, there have been proposed prototype

methods of HIFU- and histotripsy-based lithotripsy that

actively makes use of cloud cavitation for stone comminu-

tion (Duryea et al., 2011; Ikeda et al., 2006; Matsumoto and

Yoshizawa, 2005; Yoshizawa et al., 2009). Particularly, the

HIFU-based method uses HIFU waves with a waveform that

alternately combines wave packets of high and low frequen-

cies, called cavitation-control (C-C) waveform, whose effec-

tiveness was demonstrated in experiments in vitro. The high-

and low-frequency components are designed to excite cloud

cavitation on the surface of a stone and trigger violent col-

lapse of the clouds to erode the stone, respectively. Such a

multi-frequency strategy could also be applied to BWL for

enhancement of stone fragmentation.

We need to recall that, however, cavitation may need

precise control such that efficacy and safety are not sacri-

ficed. To date, understanding of cavitation erosion in litho-

tripsy has remained anecdotal; cavitation bubbles in the

vicinity of or attached on a material’s surface may cause ero-

sion and fracture of the material due to non-spherical col-

lapse (Crum, 1988; Johnsen and Colonius, 2009; Philipp and

Lauterborn, 1998; Zhong et al., 1993), while the underlying

physical mechanisms, including fluid–structure interactions

and fracture mechanics, have not been fully elucidated. We

believe that further understanding of the complex physical

mechanisms will be crucial in designing better treatment.

V. CONCLUSION

In this paper, the energy shielding of kidney stones by

bubble clouds nucleated on the surface of the stone during

the passage of a burst wave was quantified through a com-

bined experimental and numerical approach. Simulated evo-

lution of the bubble cloud and the bubble-scattered acoustics

using a compressible, multicomponent flow solver showed

quantitative agreement with the results of high-speed pho-

tography and acoustic measurements. Results of the simula-

tion revealed that the magnitude of the energy shielding by a

thin layer of bubble cloud can reach up to 90% of the total

energy of the burst wave that would otherwise be transmitted

into the stone, indicating a large potential loss of efficacy of

the treatment of BWL due to cloud cavitation. The results

extend the previous studies of bubble cloud dynamics in
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ultrasound fields (Maeda and Colonius, 2018a; Maeda et al.,
2015). Furthermore, we discovered a strong correlation

between the magnitude of the shielding and the amplitude of

the backscattered acoustics. This correlation could be used,

for example, to monitor the magnitude of the shielding in a

kidney by measuring the scattered acoustics outside the

human body in real time during the treatment of BWL, and

adjust parameters to minimize the shielding during a proce-

dure. Future work includes assessment of the effect of the

waveform on the energy shielding as well as extension of the

combined experimental and numerical setups to model envi-

ronments in vivo.
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